The dorsal hippocampal commissure (DHC) provides inter-hemispheric connections between 32 temporal lobe brain regions but there is scant evidence of a role for the DHC in successful memory 33 performance. We used diffusion-weighted MRI (DW-MRI) and white matter tractography to 34 reconstruct the DHC across both humans and nonhuman primates, and show close consistency 35 between these tract reconstructions and the known anatomy. Anterograde tract tracer evidence 36 highlighted the parahippocampal origins of DHC fibers in nonhuman primates. Finally, we derived 37 Diffusion Tensor Magnetic Resonance Imaging (DT-MRI) measures of white matter microstructure in 38 100 human subjects, and found that the mean diffusivity of the DHC was correlated with performance 39 in a standardised episodic memory task. These findings highlight, for the first time, the DHC as an 40
Introduction 45
The two hemispheres of the brain are connected by commissural fiber systems that include the corpus 46 callosum, anterior commissure (AC), posterior commissure, ventral hippocampal commissure (VHC), 47 and dorsal hippocampal commissure (DHC) 1 . The DHC (alternatively the 'dorsal psaltarium') provides 48 inter-hemispheric connections between functionally-related structures in the medial temporal lobes 49 (MTL), including the presubiculum, entorhinal and parahippocampal cortex [1] [2] [3] . Given that these 50 regions play a key role in successful learning and memory [4] [5] [6] [7] , their ability to communicate effectively 51 with contralateral homologous regions via the DHC may also be important for performance in these 52 cognitive domains. 53 4 There have, however, been few studies of the function of the DHC, potentially due to 54 misunderstanding around the cross-species anatomy of the DHC, as distinct from other local fiber 55 populations such as the VHC, fornix, and corpus callosum 1, 8, 9 . In rodents, the VHC supports dense inter-56 hemispheric connections between the hippocampi, which originate throughout the long-axis of the 57 hippocampus; in nonhuman primates, VHC connections are reduced so that only the uncal and genual 58 subdivisions of the hippocampal formation are connected to those in the contralateral hemisphere 1, 3 . 59
By contrast, the DHC remains a substantial tract in nonhuman primates, but it carries commissural 60 projections to and from the parahippocampal region rather than the hippocampus proper. From 61 injection sites in the presubiculum, entorhinal and parahippocampal cortex, tract tracer studies in 62 nonhuman primates have traced labelled DHC fibers into the alveus and fimbria and then the posterior 63 columns of the fornix; these fibers arch dorso-anteriorly and then turn medially to cross the midline 64 along the inferior aspect of the corpus callosum, before taking a mirror-image route back to the 65 contralateral parahippocampal region 1, 2 . Anatomical studies have found no convincing evidence of a 66 VHC in humans but the location of the human DHC corresponds precisely to that reported for 67 nonhuman primates 3 . Despite their distinct anatomy, the VHC and DHC are sometimes collectively 68 termed 'the hippocampal commissure' 1 , and the DHC is sometimes described as part of the fornix 69 (e.g., 'fornix commissure') 10 . It is, however, difficult to infer the function of the DHC from potentially 70 informative clinical case reports and animal studies if it is not appropriately differentiated from these 71 other structures. 72
In one relevant study highlighting a potential role for the DHC in successful learning and memory, 73 fornix transection did not impair the ability of monkeys to learn concurrent visual discriminations, but 74 the fornix damage in one subject extended to the DHC, and that subject made significantly more errors 75 and required more training sessions to learn the task compared to the slowest control 11 . This subject 76 was also impaired in an object recognition task 12 . Similarly, clinical case reports describe individuals 77 with anterograde amnesia following combined DHC and fornix damage 13, 14 , although it is difficult to 78 evaluate the effect of DHC damage in these cases because fornix damage alone is sufficient to produce 79 5 anterograde amnesia 15 . A deficit in both verbal and visual recall has also been reported in patients 80 who underwent callosotomy surgery for intractable epilepsy but only when the section included the 81 posterior corpus callosum 16, 17 . This is pertinent because the rostral splenium and posterior DHC fibers 82 are intermingled, so split brain surgery involving the posterior corpus callosum always involves DHC 83 transection. 84
The inferences we can derive from these small, methodologically heterogenous studies are, however, 85 limited. Patients with verifiable DHC damage are extremely rare, and there are no reported cases of 86 DHC damage sparing other relevant structures. An alternative approach is to examine whether inter-87 individual variation in the microstructure of the DHC is related to differences in memory performance. 88 Begré et al., used diffusion tensor imaging (DTI) to search, voxel-wise, for a correlation between a 89 measure of white matter microstructure (inter-voxel coherence) and performance in the Rey Visual 90
Design Learning Test
18
. In their small sample (N=14), the authors reported that clusters of voxels 91 demonstrating such a relationship overlapped with the DHC. The reported coordinates, however, 92 correspond to the inferior-caudal surface of the splenium, whereas histological studies localise the 93 DHC ventral to the corpus callosum body with posterior DHC fibers becoming intermingled with those 94 of the rostral splenium 2 . The clusters reported by Begré et al., may therefore lack specificity to the 95 DHC. Wei et al., recently demonstrated that white matter tractography and DW-MRI, can be used to 96 isolate and reconstruct the trajectory of the human DHC, in vivo, but no individual subject-level 97 reconstructions were shown (a group-level reconstruction was provided) and the study did not 98 investigate the relationship between DHC microstructure and cognitive performance 19 . A study in a 99 larger sample is therefore required to isolate the human DHC systematically and investigate the 100 functional role of this tract in memory. Evidence that the DHC can be reconstructed accurately in 101 nonhuman primates, where the tract morphology has been well characterised, would reinforce 102 confidence in the accuracy of human DHC reconstructions.
6
In the present study, we report a semi-automated tractography approach that can be used to 104 reconstruct the DHC across humans (in vivo) and nonhuman primates (ex vivo). We also present tract 105 tracer findings highlighting that primate DHC fibers form a distinct tract and originate in the 106 parahippocampal region rather than the hippocampal formation. Finally, we derived diffusion tensor 107 imaging metrics from the DHC in a large sample of 100 human subjects, to investigate whether inter-108 individual variation in the microstructure of this tract correlates with memory performance. We also 109 assessed whether the bilateral volumes of several relevant gray matter MTL regions relates to memory 110 performance. 111 112 113
Results

114
Ex vivo non-human primate MR data 115
To demonstrate the feasibility of a white matter tractography approach for investigating the role of 116 the DHC in human episodic memory, we first applied a multiple region-of-interest (ROI) deterministic 117 tractography protocol to diffusion-and T1-weighted images obtained from four ex vivo nonhuman 118 primate brain specimens (see Methods, Fig 1A and Fig 7) . In all four specimens, this revealed a large 119 number of streamlines (mean: 2367.75, SD: 1383.791) that were broadly consistent with the known 120 anatomy of the non-human primate DHC (see Fig 1B-E) . At the midline of the brain, the transverse 121 portion of the DHC streamlines was situated along the inferior aspect of the corpus callosum, just 122 anterior to the rostral splenium. More laterally, these streamlines arched inferiorly towards the 123 hippocampus and parahippocampal region. Whilst a number of these streamlines progressed 124 inferiorly towards regions along the parahippocampal gyrus (see Fig 1A, right) , consistent with the 125 known anatomy, a number terminated in or around the hippocampus after having intersected our 126 hippocampal ROIs. This finding highlights limitations in resolving crossing fiber populations with 127 7 existing tractography techniques, and the fact that near the tail of the hippocampus, DHC fibers are 128 known to merge with those of the fornix-fimbria and the alveus, which then cover the hippocampus 3 . 129
Indeed, Fig 2A-C shows the DHC reconstruction for a representative specimen alongside streamlines 130 corresponding to the fornix, which were reconstructed for illustrative purposes using a multiple-ROI 131 approach reported previously 24 ; whilst the transverse portion of the DHC is readily differentiated, 132 more laterally, many of the DHC streamlines become intermingled with those of the fornix as the latter 133 covers the hippocampus. Nevertheless, these ex vivo DHC reconstructions suggest that white matter 134 tractography can be used to detect and reconstruct inter-hemispheric DHC connections, and that the 135 transverse portion of these fiber pathway reconstructions in particular, is well characterised and 136 differentiated from the fornix. The reconstructions were similar in humans (Fig 2D) , so our subsequent 137 quantitative analyses in human subjects were based on mean microstructure measures that were 138 extracted from this transverse portion of the DHC (see Methods). To highlight the veridical cortical origins of the inter-hemispheric DHC streamlines that were 158 reconstructed in the previous analysis, we next examined bright-and dark-field photomicrographs 159 taken from two ex vivo nonhuman primate specimens that had previously received anterograde tract 160 tracer injections of radioactive amino acids in different locations within the medial temporal lobe. In 161 a specimen that received an injection in the hippocampal formation itself, centred on the subiculum, 162 strong labelling was present in the ipsilateral but not the contralateral fornix or the DHC (Figs 3A-C) . 163 This is consistent with previous research showing that the majority of fibers comprising the fornix 164 originate in the subicular cortices and CA subregions of the hippocampal formation, and that neither 165 the fornix or DHC supports inter-hemispheric connections between these regions 25 . By contrast, dark 166 field photomicrographs from a specimen that received an injection of tracer into caudal perirhinal and 167 rostral parahippocampal cortex, revealed labelling in both the left and right DHC but almost no label 168 in either the ipsilateral or contralateral fornix (Fig 3D-E) . This distribution is consistent with DHC fibers 169 originating in regions within the parahippocampal gyrus rather than the hippocampus proper. Cognitive performance in the CPWM, PSMT and LSWMT is reported in Table 2 . Females typically 214 scored higher than males on the CPWM task (t (98) Given the statistically significant effect of gender upon several structural and cognitive measures, we 242 split the dataset and repeated these analyses separately for males and females. In the males, there 243 was again a negative association between DHC MD and CPWM performance, which was slightly 244 stronger than that observed in the whole sample but the association did not survive adjustment 
Association between temporal regional volumes and memory 270
Using pre-existing regional volume estimates for our HCP sub-sample, we assessed whether the 271 bilateral volumes of MTL gray matter regions including the hippocampus, amygdala, temporal pole, 272 entorhinal and parahippocampal cortex, are also related to memory performance. These measures 273
were first adjusted for differences in total Intra-Cranial Volume (ICV; see Methods), and are reported 274 in Table 3 . Independent samples pair-wise t-tests revealed no significant gender effect upon these 275 ICV-adjusted bilateral volumes (largest t (98) We were limited to analysing cognitive data from the HCP cognitive task battery, which is not 343 necessarily optimised to investigate the role of the DHC in different memory processes. Interpretation 344 of the relationship between DHC MD and CPWM performance is therefore not straightforward. The 345 CPWM is an episodic memory task in which participants must discriminate between novel and pre-346 exposed words, but participants are not required to perform free-recall of studied items. According to 347 dual-process models of recognition memory 5, 27, 28 , performance in such tasks could be supported by a 348 familiarity-based recognition memory process, which is dependent on parahippocampal regions 349 within the MTL (particularly perirhinal cortex), rather than the hippocampus, which is instead critical 350 for successful performance in tasks that require conscious recollection (e.g., free recall). Our findings 351 therefore tentatively suggest that the DHC, may play a role in successful familiarity-based recognition 352 memory. 353 CPWM performance is not, however, a process-pure measure of familiarity-based recognition 354 memory. Although the CPWM places no explicit demands on recollection, this putatively distinct 355 mnemonic process may also be recruited to aid CPWM performance. Furthermore, the association 356 between DHC MD and CPWM performance was not significantly different to that between DHC MD 357 and PSMT performance, and successful performance in the latter task may be more dependent upon 358 recollection processes. To disentangle the specific memory processes that are partly dependent on 359 DHC connections, future studies should employ a variety of episodic memory paradigms that place 360 differential demands on familiarity and recollection-based recognition memory, including both free-361 recall and forced-choice recognition tasks. 362 21 Whilst the CPWM employs verbal stimuli, the PSMT employs visual stimuli, albeit with additional 363 verbal descriptors. The present association between DHC MD and CPWM performance was not 364 significantly different to that between DHC MD and PSMT performance. Our study did not, therefore, 365 reveal a differential role for the DHC in verbal compared to visual memory. Future research should 366 employ matched verbal and visual memory paradigms to ascertain the extent to which inter-367 hemispheric mnemonic processing of such stimuli depends upon DHC connections. A considerable 368 body of literature indicates a degree of hemispheric specialisation in visual and verbal processing [29] [30] [31] . 369
Whilst we identified an association between DHC microstructure and performance in one verbal 370 episodic memory task, it is possible that DHC connections are particularly important for the mnemonic 371 processing of task-relevant conjunctions of visual and verbal information. 372
There were no significant correlations between measures of either DHC or AC microstructure and 373 performance in the LSWMT, implying that these tracts are not involved in working memory. However, 374 the correlations between DHC MD and a) CPWM performance and b) LSWMT performance, were not 375 statistically different. Future research should include tasks outside the episodic memory domain -376 ensuring good variability in outcome measures -to assess any contribution of the DHC to other forms 377 of learning and memory. Our analyses also revealed no associations between memory measures and 378 the bilateral volumes of temporal regions that are known to be connected via the DHC/AC, or play a 379 role in successful recognition memory [4] [5] [6] [7] 32 . Further investigations are required to understand the 380 complex relationship between episodic memory performance, white matter microstructure and gray 381 matter macrostructure in this region. 382
When examining structure-cognition relationships that were significant at the group level, separately 383 by gender, the association between DHC MD and CPWM performance was stronger in males than 384 females, though it did not survive multiple comparison adjustment in either group. We also found a 385 significant and unexpected association between AC MD and PSMT performance in female subjects, 386 which was not evident in the males. The function of the AC is not well understood, but this finding 387 suggests a role for the AC in picture sequence recall in females, consistent with evidence that the AC 388 supports interhemispheric visual memory processing 33, 34 , and anecdotal reports of visual recall deficits 389 following AC damage 35 . These findings may also highlight distinct contributions of the DHC and AC to 390 episodic memory. 391
Additional gender effects included superior CPWM performance in females relative to males, which is 392 in line with previous reports 36 . Males typically had a larger ICV than females, and larger temporal 393 regional volumes when ICV adjustments were performed separately for these groups 37 . We observed 394 higher DHC FA in females relative to males but the evidence for gender-dependent differences in 395 white matter microstructure is equivocal; some studies show differences in several prominent tracts 396 but other studies show no differences in the same 38, 39 . 397
Our results imply that the human DHC is not vestigial, which has implications for the treatment of 398 several neurological conditions. The DHC could, for instance, be incorporated into models of the 399 cognitive impact of resective medial temporal lobe epilepsy surgeries 40, 41 . Intracranial EEG studies 400
indicate that a subset of seizures with a medial temporal onset have a pattern of contralateral spread 401 to the hippocampus prior to involvement of contralateral neocortex, potentially via the DHC 3, 42 . 402
Indeed, whether due to bilateral hippocampal pathology or seizure spread, voxel-based morphometry 403 analyses have identified a cluster of voxels that incorporates the DHC, in which white matter volume 404 is reduced in temporal lobe epilepsy cases with bilateral hippocampal sclerosis compared to healthy 405 controls 43 . Our tractography protocols offer a complimentary approach to investigating whether DHC 406 microstructure is also compromised in epilepsy cases with mesial temporal sclerosis. 407
An advantage of our hypothesis-driven tractography approach, is that by constraining our analyses to 408 two commissural tracts, we reduce the risk of reporting both false-positive effects in regions for which 409
we have no specific predictions, and false-negative effects when true structure-cognition 410 relationships are obscured following corrections for large numbers of statistical comparisons. Another 411 advantage of our tractography approach, in which we extract DT-MRI-based microstructural indices 412 23 that are averaged over a given tract-of-interest, is that it may be more sensitive to subtle 413 microstructural differences that are distributed along the length of the tracts compared with voxel-414 based methods in which such differences must be clustered in order to detect a significant effect in 415 group-level analyses (e.g., Tract-Based Spatial Statistics) 44 . Voxel-based methods and metrics that take 416 into account dispersed structural differences could, however, provide complimentary evidence of a 417 role for the DHC in memory. Anatomical Connectivity Mapping (ACM), has recently been proposed as 418 a method of quantifying the strength of connectivity of individual voxels with the rest of the brain 45 . 419
Within a tract, the ACM metric at a given voxel may be sensitive to structural differences further along 420 that tract. Similar to our approach, an average or median ACM measure can also be derived for a given 421 tract-of-interest, and used in subsequent structure-behaviour or structure-cognition correlations 46 . 422 ACM could potentially provide complimentary evidence of a role for the DHC in episodic memory. 423
Although DHC MD correlated with CPWM performance, DHC FA was not associated with performance. 424 FA and MD are both affected by multiple axonal properties, including myelination, density, diameter, 425 and configuration as well as partial volume interactions with tract size 26, 47 . It is therefore not possible 426 to attribute differences between our FA/MD findings to a single white-matter subcomponent. 427
In summary, to our knowledge this is the first study to use cross-species anatomical evidence to 428 highlight the DHC as a discrete tract in primates and to systematically reconstruct it using advanced 429 tractography techniques. Reconstructions of the human and nonhuman primate DHC broadly conform 430 to the known anatomy of this tract, affording investigations of the role of the DHC in learning and 431 memory. Indeed, we are also the first to demonstrate a correlation between inter-individual variation 432 in the microstructure of in vivo DHC tract reconstructions and differences in a measure of episodic 433 memory performance. Our understanding of the unique role of the DHC in human learning and 434 memory, in both health and disease, is sparse, but the approach described here should advance our 435 knowledge of those aspects of human memory that are partly dependent upon inter-hemispheric 436 processing via the DHC. ). The brain specimens were also stabilized to room temperature 452 prior to scanning, and a conditioned flow of air around the specimen was maintained throughout 453 scanning to reduce temperature drifts of the diffusion signal 48, 50 . 454
Diffusion-weighted images were collected using a diffusion-weighted pulsed gradient spin echo 455 sequence with single line readout. The scan parameters were as follows: repetition time, TR = 7200 456 (but TR = 8400ms for subject e4271); echo time, TE = 35.9ms; gradient separation, DELTA = 17.0ms; 457 gradient duration, delta = 10.5ms; gradient strength, g = 300 mT/m; number of repetitions, NEX = 2 458 (averaged offline); matrix size = 128 x 256 with 100 axial slices offering whole brain coverage with 459 isotropic 0.5mm voxels. Gradients were applied along 68 uniformly distributed directions with a b-460 value of 9686 s/mm 2 using scheme files available from the Camino tool kit HCP diffusion datasets are aligned to the T1 images using FLIRT 57,58 as standard so that both the 507 diffusion and T1 data that were available to us were pre-aligned in 1.25mm native structural space. 508
Further acquisition parameters and details of the minimal MR pre-processing pipeline have been 509 reported previously 53, 54 . 510 27 . The CPWM is a verbal episodic memory task in which a participant is 513 required to discriminate 20 pre-exposed target word stimuli from 20 inter-mixed novel distractor 514 stimuli; performance is quantified here as subjects' total number of correct responses. In the PSMT, 515
another episodic memory task, subjects are required to learn and recall a sequence of picture stimuli 516 over a number of trials and performance is scored as the cumulative number of adjacent pairs of 517 pictures that are correctly recalled over 3 learning trials. In the LSWMT, subjects are presented with a 518 series of picture stimuli on a computer screen (e.g., an elephant and a mouse) and are required to 519 remember the stimuli comprising the sequence, mentally reorder them from smallest to largest, and 520 finally recite the revised sequence of stimuli; performance is scored as the number of correct 521 responses across the stimulus lists that comprise this working memory task. For both the PSMT and 522
LSWMT, HCP subjects' raw scores have been standardised against the NIH Toolbox normative 523 sample 59 . These standardised scores can also be age-adjusted, but given that we had non age-adjusted 524 raw scores for the CPWM, we used subjects' unadjusted PSMT and LSWMT scores for subsequent 525
analyses. 526
Finally, pre-existing regional volume measures were available for a number of relevant cortical and 527 subcortical regions in the HCP dataset, because the T1-and T2-weighted images that are acquired for 528 the HCP are segmented using Freesurfer software as part of the standard pre-processing pipeline 53 . 529
We used these data to investigate whether differences in CPWM, PSMT and/or LSWMT performance, 530 are also related to the volume of several key gray matter regions within the MTL. Our specific regions-531 of-interest (ROIs) were the hippocampi, amygdalae, entorhinal cortex, parahippocampal cortex (areas 532 TH and TF), as well as the temporal pole, and estimates of total Intracranial Volume (ICV). The 533 hippocampus was of interest because the DHC is sometimes assumed to support dense inter-534 hippocampal connections, despite an absence of confirmatory evidence 
Data Processing 543
Ex vivo non-human primate MR data 544
The T1-weighted images for each nonhuman primate specimen were masked to contain only brain 545 tissue using FSL utilities 62 . Gray/white matter contrast is reversed in our T1 images of ex vivo tissue 63 ; 546 we therefore inverted the T1-weighted images for subsequent processing and display purposes. The 547 T1-weighted brain images were then submitted to the standard Nonhuman Primate EMSegmenter 548 pipeline in 3DSlicer version 4.9.0. The pipeline registers the T1-weighted image to a probabilistic 549 vervet monkey MRI atlas using BRAINSFit 64, 65 , and segments the image into unilateral ROIs, including 550 the hippocampus, using the EM segmenter algorithm 66 . The subject-specific aligned and unbiased 551 hippocampus segmentations were thresholded at 40%, binarised, and brought into native diffusion 552 space using FLIRT, ready for use as ROIs for tractography. 553
Visual inspection of the DW-MRI datasets revealed that no additional pre-processing was required to 554 adjust for motion or eddy currents prior to streamline reconstruction 49 . A multiple-ROI tractography 555 approach (see Fig 7A) was used to reconstruct the DHC. Tractography was performed from all voxels 556 in the left hippocampus ROI in subjects' native diffusion-space in ExploreDTI v4.8.3 67 using a 557 deterministic tractography algorithm based on constrained spherical deconvolution 68, 69 . The 558 contralateral hippocampal ROI was used as an 'AND' gate to capture any propagated streamlines that 559 terminated in the contralateral hippocampal/parahippocampal region. Three additional 'NOT' ROIs 560 29 were manually drawn to exclude streamlines corresponding to other pathways. These included: 1) An 561 ROI covering the entire section, drawn on the most inferior axial slice where the body of the corpus 562 callosum was visible, 2) A coronal ROI covering the entire section placed at a slice where the 563 parahippocampal cingulum begins to descend behind the splenium, and 3) A coronal ROI covering the 564 entire section except the temporal lobes, placed at the slice where the anterior fornix columns 565 descend towards the mammillary bodies. Additional exclusionary ROIs were used to remove extant 566 spurious streamlines as required. A step size of 0.1mm and an angle threshold of 60 degrees was 567 applied to prevent the reconstruction of anatomically implausible streamlines. Tracking was 568 performed with a supersampling factor of 4 x 4 x 4, so that streamlines were initiated from 64 grid 569 points, uniformly distributed within each voxel. 
579
Ex vivo non-human primate anterograde tract tracer data 580
A Leica DM500B microscope with a Leica DFC310FX digital camera and Leica Application Suite v4.7 581 image acquisition software were used to obtain both bright-and dark-field images from our ex vivo 582 cynomolgus monkey specimens. . Streamlines were then seeded from the left hippocampus using the same combination of ROIs 589 described above (Fig 7B) , and a multi-shell multi-tissue constrained spherical deconvolution algorithm 590 (MSMT-CSD) was applied to the subjects' complete diffusion dataset For comparison, these measures were also obtained from a transverse segment of the anterior 616 commissure (AC). The AC is a commissural fiber pathway -the function of which is not well understood 617
-that provides interhemispheric connections between the temporal pole, the amygdala, the superior 618 and inferior temporal gyri, and the parahippocampal gyrus 2 . Given that both the DHC and AC contain 619 fibers that originate and cross in the parahippocampal gyrus, we restricted our AC analyses to those 620
